■ INTRODUCTION
A knowledge of the fundamentals of nucleation, crystal growth, polymorphic transformation, melting, and eutectic behavior of fats is important for controlling the processing and storage conditions of many fat containing foods such as spreads, ice cream, and chocolate, in order to maximize product quality. 1, 2 Natural fats contain many different triacylglycerol (TAG) species, and it is common to find both high melting and low melting point TAGs in the same fat. In addition, high-melting fats and low-melting oils may be combined in food products to achieve a softening effect which contributes to a different texture, mouthfeel, and appearance. This softening effect is partly caused by dissolution of the high-melting components into the liquid phase, which is richer in the low-melting components. The solubility of the high-melting component in the oil affects crystallization kinetics, melting behavior, and sensory attributes such as texture. 2−4 It is therefore important to understand the mixing behavior within such systems in order to predict those fat blends that will give desirable structures and functionality. Potential applications include producing novel fat blends with relatively stable fat network structures at a lower overall saturate level, or blends with bloom inhibiting properties.
While much is known about the thermodynamics and polymorphism of mixed fat systems, the fundamentals governing the kinetics of crystallization and transformation of multicomponent systems are still relatively poorly understood. The aim of this study is to gain insight into the behavior of mixed TAG systems by studying the relatively simple tripalmitin (PPP)/triolein (OOO) system. Despite being of similar chain lengths, the different degrees of saturation result in the two TAGs having hugely differing melting points, and so at room temperature PPP is solid, whereas OOO is liquid. This means that crystallization in this system is almost entirely of PPP within an OOO "solvent".
The structural and crystallization properties of PPP have been well elucidated as a model fat substance. 5 It is well established that PPP can crystallize in three polymorphic forms: 6, 7 α, β′, and β, in increasing order of melting point and thermal stability. The β polymorph of pure PPP has a melting point of ∼65−67°C, 8−12 although melting points as high as 69°C have been reported, 13 while the β′ form has a melting point of ∼55−57°C, 8−10 and the α form has a melting point of 44− 46°C. [8] [9] [10] 14 The β form of OOO has a melting point of ∼4−5°C . 13, 15 In order to study the rates of crystal growth and transformation, hot stage microscopy (HSM) has been used. One of the advantages of microscopy is that one can see crystals directly and thus can measure nucleation and crystal growth rates for individual crystals in the system. A computational method for extracting nucleation rate and crystal growth data from a sequence of HSM images has been developed and demonstrated on pure PPP 16 and palm oil. 17 In order to correlate growth rate data it is important to be able to characterize the melting behavior of the system, so that accurate values of supercooling or supersaturation of the PPP can be calculated. Melting temperatures of the PPP/OOO system have been reported in the literature, 11 ,18−21 while Zhou and Hartel 4 also studied PPP in various vegetable oils. The variation of melting temperature with composition has generally (except 19, 20 ) been modeled using the Hildebrand equation, which assumes ideality in both solid and liquid phases and zero heat of dissolution: 22 
where x is the mole fraction of the high-melting component in the liquid phase, ΔH m is the melting enthalpy of the highmelting component (J mol
), R is the universal gas constant (8.314 J mol −1 K −1 ), T m is the melting temperature of the pure high-melting component (K), and T is the melting temperature of this component in the blend (K).
A straight line in a log x versus 1/T plot is suggestive of ideal solubility of fat crystals in oil. 4, 25 As the Hildebrand equation assumes that the high-melting component forms an ideal solution with the low-melting component, the precise identity of the low-melting component should have no effect on the solubility of the high-melting component. However, natural fats contain a wide range of TAG compositions, and the interactions among these TAGs may lead to deviations from ideal solution behavior. 4 Norton et al. 11 consistently found DSC melting peaks to be at higher temperatures than predicted by the Hildebrand equation, particularly at low PPP contents. They attributed this to a nonideal demixing of the PPP and OOO within the liquid phase, which would have increased the apparent PPP content in the OOO-rich liquid, and thus raise melting temperatures. The authors also mentioned that they had performed light microscopy and NMR measurements which supported their claim, although these data were not shown. Some of the peaks also showed a curious shoulder which was commented upon by Wesdorp et al. 21 Conversely, other reported data 4, 18, 21 were considered to follow ideal behavior. The data reported by Rossell 18 were provided in a private communication from another worker (H. C. Kung). It is unclear which experimental method was used, although it was probably either a DSC method or the thaw-melt method using stirred capillary tubes (see ref 26) . Nevertheless, the data fitted the Hildebrand equation well with a fitted melting enthalpy of 40.4 kcal/mol (= 169 kJ/mol). Wesdorp et al. 21 also cited Rossell's data along with data provided via private communication (P. A. M. Grootscholten), which showed a similar trend, although again the method was not given.
Zhou and Hartel 4 measured solubility curves of 84.9% pure PPP (with a further 13.8% comprising PPS and MPP) in a range of low melting oils (tricaprylin, canola oil, sunflower oil, lard-olein, and palm-olein). The authors did this by equilibrating samples for a week and then taking GC composition analyses of the liquid obtained by vacuum filtration. Hildebrand plots were found to be straight and consistent in all cases except for mixtures with tricaprylin, which was considered to mix with PPP in the solid phase. Zhou and Hartel 4 concluded that all the other PPP−oil systems behaved ideally.
So, there is an apparent conflict in the literature relating to the ideality of the PPP/OOO system. In an attempt to try to resolve this conflict, melting experiments were performed in this study using both HSM and DSC, and these techniques were also supplemented by solid fat content (SFC) measurements by pulsed NMR.
■ EXPERIMENTAL SECTION
Sample Preparation. Blends of PPP with OOO (1.5 g) in mass ratios of 10/90, 20/80, 40/60, 60/40, 80/20, and 100/0% (w/w) were prepared from ≥99% purity stock samples (Sigma-Aldrich, Dorset, U.K.) and labeled 10PPP, 20PPP, 40PPP, 60PPP, 80PPP, and 100PPP, respectively.
Hot Stage Microscopy. Optical microscopy was carried out using a Linkam THMS600 variable temperature stage (Linkam Instruments, Tadworth, U.K.) with an Olympus BX43F microscope (Olympus Microscopy, Essex, U.K.) coupled to a Q Imaging Retiga-2000R digital camera (Q Imaging, Surrey, Canada) and Linksys 32 software data capture system (Linkam Instruments, Tadworth, U.K.). Fat samples were melted and held at 80°C for 30 min after which an aliquot (∼1.5 mg) was transferred, using a preheated spatula, to a circular glass slide of 16 mm diameter. The glass slide was then transferred to the Linkam hot stage and held at 80°C for 5 min to obtain a uniform melt and erase any "crystal memory". Toward the end of this 5 min hold, a coverslip (13 mm in diameter) was placed concentrically on top of the sample and gently tapped to remove any air bubbles and also to provide a reasonably uniform sample thickness of ∼10 μm. The melted sample was then cooled at a rate of 50°C/min by flowing liquid nitrogen through the stage to an isothermal holding temperature. Samples were held at this temperature until crystals had grown sufficiently large, and then melted using a temperature ramp of 1°C/ min. The isothermal temperatures used for image analysis were selected at 1°C intervals over a 5°C temperature range which differed for each sample composition, due to their different melting points. The temperature ranges used were 31−36°C for 10PPP; 35−40°C for 20PPP; 41−46°C for 40PPP; 43−48°C for 60PPP; 46−51°C for 80PPP; and 47−52°C for 100PPP. Above these temperatures nucleation either did not take place within the time frame of the experiments or became more difficult to capture within the field of view. Below these isothermal hold temperatures nucleation tended to be too rapid, causing movement in the slide; therefore crystal growth could not be accurately tracked by the algorithm. It is quite possible that the α form was forming in such cases.
Images (1600 × 1260 pixels) were captured automatically every 5 s throughout the crystallization and melting periods. The images were scaled by taking an image of a graticule at the same magnification. Images were analyzed using MATLAB (MathWorks, Cambridge, U.K.) as per the method of Harrison et al. 17 to produce induction times and growth rates, while melting points were determined visually. Induction times for nucleation were taken as the time where the first crystal was optically detected by the algorithm in the collected images. The melting temperature was taken to be when the last visible crystal had melted. Samples were reused for further experiments on the same day after melting out again at 80°C for 5 min.
The quantity of sample used on the glass slide was critical for successful crystallization experiments. In a previous study, 16 a quantity of ∼1 mg was used for HSM experiments. The authors noted that, as high solid fractions were reached, voids appeared on the images marked by a strong meniscus. This happened as a result of the higher density of the solid phase occupying a smaller volume than the mother liquid phase. This volume reduction was accompanied by flows of liquid into the image area from the rest of the sample, which can cause problems for data collection, especially if the movement is excessive. However, once a section of fluid became isolated from this means of supply, by becoming completely surrounded by solid crystals, it then was susceptible to forming voids. 16 The formation of these voids obviously disrupts the crystallization process where they meet a growing crystal interface, and so data collection should be stopped at this point. The issue of voids appearing was encountered in the current study, although not very often. If ∼1 mg of sample or below was used, voids were more likely to appear, impinging on the crystals and interfering with growth. However, a sample of 2 mg or above was likely to leak out the side of the slide. Using an aliquot of ∼1.5 mg was found to give less of the issues mentioned above.
A second series of experiments were performed in which the samples were cooled to 20°C at either 1 or 50°C/min and then subsequently melted at either 0.1 or 1°C/min. The crystals formed were too small and formed too quickly for a growth rate analysis. These experiments were instead used to observe the effect of large subcoolings on the melting behavior and compare this with those crystallized at the higher isothermal hold temperatures.
Differential Scanning Calorimetry. DSC Measurements were carried out using a TA Instruments DSC Q10 model with a TA Instruments DSC refrigerated cooling system FC100DXOTA model (TA Instruments, New Castle, U.S.A.), using nitrogen as a purge gas. Fat samples were melted and held at 80°C for 30 min after which an aliquot (∼5 mg) was loaded onto the middle of an aluminum pan using a small preheated spatula and the pan hermetically sealed. An empty sealed aluminum pan was used as a reference. The same temperature profiles were used as for the HSM experiments. Thermograms were analyzed using the TA Universal Analysis 2000 program (TA Instruments, New Castle, U.S.A.). End-point melting temperatures were identified at the point where the thermogram was adjudged to have returned to the baseline. Peak melting temperatures were also recorded.
Pulsed Nuclear Magnetic Resonance. The SFC profiles of 20PPP, 40PPP, and 100PPP were measured by NMR using a Maran benchtop analyzer and SFC Direct software (Oxford Instruments, Abingdon, U.K.). Samples (1.5 g) were melted at 80°C and transferred into small glass tubes, which were then placed in longer glass tubes. Tests were run using HSM to ascertain which tempering regimes would form β with no β′ present. Following on from this, samples for NMR were put through tempering regimes using heating blocks placed in water baths. Samples were held at 80°C for 30 min and then tempered in the following ways: 20PPP was held at 39°C for 30 min then 55°C for 30 min; 40PPP was held at 45°C for 30 min then 61°C for 30 min; and 100PPP was held at 51°C for 30 min then 64°C for 30 min. Following this, all samples were cooled at ∼1°C/ min to 20°C and held for ∼14 h. Samples then had their SFC measured at 5°C intervals until 50 and 2°C intervals above 50°C until zero SFC was measured. The samples were held at each temperature for 30 min for samples to equilibrate before measuring. A temperature probe in contact with glycol held within the same glass tube set up described above was used as a reference throughout.
■ RESULTS AND DISCUSSION
Crystal Morphology and Polymorphism. Examples of crystals formed at the highest isothermal hold temperatures used for each of the compositions are given in Figure 1 . The general polymorphic behavior for PPP was in line with literature studies, 9, 12, 16 and the pure PPP crystal also showed very similar morphology. 16 However, it can be seen that in 
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Article mixed systems two distinct solid regions or zones can form: an inner circle surrounded by a ring, with a small gap in between (see, e.g., Figure 1b −e). Subsequent melting of these crystals showed that the two regions melted at different temperatures, with the melting temperatures (see later) reliably identifying the outer ring (which melted first) as β′ and the inner core as β. Both regions grew over time (analyzed in detail later), but the inner β core grew at the expense of the outer β′ ring which was "consumed" from the inside. As previously mentioned, there was a very small but observable gap between the two regions, which would appear to be a liquid mixture of PPP and OOO. The PPP from the β′ crystal thus appears to dissolve into the interstitial melt region and subsequently crystallizes onto the β crystal across the other side of the gap. This is quite plausible as the solubility of the β form of PPP in OOO is lower than that of β′, 22 and as long as the concentration of PPP in this gap region is between these two solubilities then there will be positive driving forces for both the dissolution of β′ and the simultaneous crystallization of β. This is an example of a solvent (or solution) mediated transformation 27, 28 from the β′ to the β polymorph. In TAG systems such a transformation is almost universally referred to by the alternative term "meltmediated" 29 (where the liquid phase is considered to be a melt rather than a solvent). Convincing evidence for such transformations has been achieved using synchrotron radiation X-ray diffraction 29, 30 (which are also able to pick up the existence of intermediate liquid crystalline phases), but we believe that this is the first time that a visual observation of this mechanism has been reported in the literature for a TAG system.
The above crystallization pattern was not always observed in blends, particularly those with a low PPP content. When the crystals were traced back to their nucleation point (using the sequence of images), it was found that crystals could have originated either as a β′ or a β crystal. The range of temperatures over which each type of behavior was observed is shown in Table 1 . For 100PPP, the only time the β form appeared was at the highest isothermal temperature (52°C). However, in this sample, β only grew for a short time before it was surrounded by a band of β′, whereupon (unlike with mixtures) the β growth was halted. This would support a view that an interstitial melt region is required to enable transformation from the β′ to the β form. No evidence was seen of solid−solid transformations occurring in these experiments, although this possibility cannot be excluded. The β form was much more prevalent in mixtures. In most 40PPP samples and in all 60PPP and 80PPP samples where β appeared to nucleate first, β′ nucleated shortly after and soon completely surrounded β so that β′ formed the outer layer of the growing crystal. An example of this is shown in Figure 2 , which catches the early stages in the crystallization of 60PPP at 48°C (see also Figure  1d which shows the same sample taken after a further 9 min). The β crystal would thus grow at the expense of the β′ material. On occasions when the β′ form was seen to form first (for mixtures), the β form would "nucleate" within the crystal, typically around 1−2 min later. In general, any transformation from β′ to β would begin at the center of the crystal, but on a few occasions β regions would form elsewhere. Figure 1e shows the consequence of an incidence where this occurred in the 80PPP sample, producing a noncircular inner region. A more extreme example is shown in Figure 3 for 60PPP at a low isothermal hold temperature of 44°C, where nucleation of β occurred at multiple locations and subsequent growth was relatively rough. Pockets of β growing within the outer β′ ring of 60PPP and 80PPP samples occurred more frequently at lower temperatures or when β′ nucleated first for a given crystal. In 10PPP and 20PPP samples, β showed a few signs of growth within the β′ outer ring only at the lowest isothermal hold temperatures for these samples shown in Table 1 , i.e., 31 and 34−35°C, respectively. In 40PPP samples, β grew within Crystal Growth & Design the β′ ring when β′ was the first polymorph to nucleate but not when β nucleated first.
For each composition, the morphology of the crystals was rougher and more diffuse at lower isothermal hold temperatures (see example in Figure 3 for 60PPP), and more circular and better defined at higher temperatures (see example in Figure 1d for 60PPP), as found in earlier studies. 16, 31 The smoother edges of crystals at higher temperatures perhaps result from the crystals having more time to form ordered structures given the slower crystallization at higher temperatures, as compared with more rapid crystallization resulting in rougher crystals at lower temperatures.
As mentioned previously, confirmation of polymorphic form was performed by examining remelting behavior under the microscope. However, transformations were observed as samples were warmed, so the final melting of the solid observed invariably corresponded to the β form. In blended samples the transformation was easy to follow as the inner β circle would grow at the expense of the outer β′ ring. The last remnants of the β′ form thus tended to disappear at the outer edge of the ring. However, for 100PPP samples the transformation was less obvious, but was still observable as a darkening of the affected regions. This did not occur until samples had warmed to 51−52°C, and was very slow at first, but accelerated as the temperature increased past 55°C. There was a clear and widespread melting of solid at ∼60.5°C, which must have been of remaining untransformed β′, although this is higher than literature values (55−57°C).
When samples were cooled and held at temperatures below those shown in Table 1 , nucleation from the melt resulted in many small crystals (looking neither like β′ nor β), which rapidly covered the slide as a fine mass. When rewarmed, the crystals melted at temperatures corresponding to the β form. However, it is extremely likely that α nucleated first, followed by transformation to higher forms, as it is known that the α form crystallizes upon rapid cooling of the melt without appreciable undercooling. 32 To confirm this, experiments were also performed by DSC using the same temperature profiles. Samples of 100PPP were rapidly cooled (50°C/min) from the melt to a holding temperature of 40−44°C and held for 1 min. In samples of 100PPP remelted at 1°C/min from 40, 41, or 42°C , a recrystallization process was seen to commence at 44.6°C (±0.10), peaking at 45.2°C (±0.15). Samples remelted from 43 or 44°C appeared to begin recrystallizing almost immediately upon heating, showing a peak crystallization of 44.7 or 46.4°C, respectively. The recrystallization described above could be that of α to β′, or α to β. It is known that, upon heating, the α form melts at ∼45°C but transforms readily into the β′ form. 33, 34 However, the α form has also been found to transform directly to β. 7 When blended PPP/OOO samples were subject to the similar temperature profiles (i.e., cooling at 50°C/min to temperatures below those in Table 1 and holding for 1 min) the subsequent DSC melting thermograms only showed a β melting peak (even for temperatures as low as 20°C
). However, as the same "fine mass" morphology is seen by HSM and the temperatures were below those expected for the α melting point (based on Hildebrand), it is not unreasonable to believe that the α form was produced on cooling, which then quickly transformed to the β form.
β Melting Point Data. Table 2 shows melting point data for the various samples obtained via HSM and DSC (both "peak" and "end-point" values) after having previously undergone isothermal crystallization at different temperatures. Also shown are ideal melting points for the β polymorph based on the Hildebrand equation using calculated mole fractions and assuming a PPP melting enthalpy of 171.3 kJ/mol and a pure PPP melting point of 67.6°C. The enthalpy value was taken from Appendix 1 of ref 21 and is the average of data in the literature, including the authors' work. The melting temperature used was that obtained in this study from HSM experiments of 100PPP samples. The equivalent DSC sample had a final melting value of 67.4°C, although the DSC peak melting temperature was 66.4°C. As expected, the observed melting points decreased with increasing OOO content. However, melting points determined via HSM, and to a slightly lesser extent the DSC end melting points, were above those predicted from the Hildebrand equation. Indeed, some of the HSM blend data were only slightly below the melting point temperature of pure PPP. Recorded DSC peak temperatures were naturally lower than the end-point temperatures, but were also generally slightly lower than the predicted ideal values. If a lower T m value of 66.4°C (based on DSC peak melting of PPP) is used, then this lowers theoretical predictions by ∼1.2°C , and the correlation is then very close. The DSC peak temperatures are similar to those reported in the literature. 11, 20 Table 2 also shows that for HSM samples the isothermal hold temperature has a small but consistent effect on the final melting temperature. For mixed samples, raising the isothermal temperature by 5°C could typically produce an increase of 1°C in the observed melting point. There was a much reduced effect of this phenomenon for pure PPP samples. A second series of experiments was also conducted whereby PPP samples were melted at 80°C, cooled at either 1 or 50°C/min to 20°C
, held for 60 min, and remelted at either 0.1 or 1°C/min to see if this impacted upon melting temperature (see Table 3 ). This had a big impact on the values obtained by HSM, bringing them much more in line with the ideal, theoretical values. It was also apparent that faster initial cooling rates and slower rewarming rates resulted in lower observed melting points for mixtures. This was also seen for the DSC end point data. The DSC peak data were similar to those observed previously.
As the rewarming rate appears to be important, the effect of changing this rate from 1°C/min to 0.1°C/min was also then tested on two selected isothermal samples: 100PPP (crystallized at 51°C) and 20PPP (crystallized at 39°C). The 100PPP sample melted at 67.6°C in the HSM, which was the same result that was obtained with the 1°C/min rewarm rate.
However, when scanned at 0.1°C/min, the 20PPP sample melted at 62.7°C (±0.15), which was ∼1.6°C below that found with a 1°C/min remelt rate. The equivalent DSC samples of 100PPP remelted from 51°C and 20PPP remelted from 39°C (both at 0.1°C/min), melted at 65.8 and 61.4°C, respectively. It thus appears that mixed samples do not have enough time to equilibrate during melting in the HSM when warming at 1°C/min. To gauge whether a rewarming rate of 0.1°C/min would provide sufficient time for samples to reach equilibrium conditions, a further test was performed whereby a 20PPP sample crystallized at 38°C was heated to 60°C on the HSM at 1°C/min, and then slowly raised to 62°C at 0.1°C/ min and held. This sample fully melted after ∼80 min. However, when the same sample was recrystallized as above but held at 60°C (above the predicted ideal melting point), it had not fully melted even after 36 h. Thicker samples were also run via HSM in concave slides to increase the likelihood of convection, but no differences in melting points were found.
Wesdorp et al. 21 mentioned that thermal lag should be considered when assessing melting points. However, thermal lag does not explain the fact that melting points for pure PPP are relatively unchanged across all techniques and remelting rates, or that the mixtures show variations according to the previous crystallization history. One factor that may be preventing samples from equilibration is diffusion. The thin sample geometry is likely to result in an almost entirely diffusive system (i.e., little convection). Furthermore, significant diffusion is only possible in two dimensions. Thus, significant concentration differences may arise within the melt phase, and uniform mixing may not be a good assumption. It is possible to estimate this effect as there are published values for the diffusivity of TAGs. Callaghan and Jolley 35 measured the selfdiffusion coefficient of OOO, tristearin (SSS), and trilinolein (LLL) (all C-18 TAGs) using the NMR pulsed gradient spin echo technique at a number of temperatures. This technique is 
Article able to discriminate between random walk diffusion and bulk flow, and so values are unlikely to be influenced by any natural convection in the NMR tube. Arrhenius fits for diffusivity versus temperature were produced, which for 60°C (a pertinent value for this study) yields diffusivity values of 3.65 × 10 −11 m 2 /s and 2.75 × 10 −11 m 2 /s for OOO and SSS, respectively. Values for PPP are not available, but as it is a slightly smaller molecule than SSS, its diffusivity will be larger and may bring it close to that of OOO. For this reason, and the fact that diffusion in the sample is due as much to the diffusion of OOO as PPP, calculations will be made using the available OOO values.
For 2D diffusion (appropriate to microscope slides), the root-mean-square diffusion distance (l) is calculated from the equation:
where D is the diffusion coefficient and t is time. However, judging by solutions for cylindrical geometries, 36 the distance over which full equilibration can be considered to occur is perhaps closer to half of this (i.e., when Dt/l 2 ≈ 1). Some useful indicative times are 60 and 600 s, which correspond to the time taken to increase by 1°C at scanning rates of 1°C/min and 0.1°C/min, respectively. These yield RMS diffusion distances of 190 and 590 μm, which is the same order of magnitude as the images shown in Figure 1 . This strongly indicates that diffusional resistances to mass transfer are responsible for nonequilibration occurring in the HSM samples referred to in Table 2 (isothermal crystallization). PPP and OOO are not able to achieve uniform concentration profiles in the liquid phase, and therefore melting PPP crystals are contacting a liquid which has a higher PPP content than the bulk. These consequently melt at a higher temperature.
The above thesis also explains the other observations noted earlier. First, that the melting point variations are much greater for mixtures than for pure PPP. The small melting point variations for pure PPP can only be attributed to differences in crystal perfection and size. Second, reducing the rewarm rate gives more time for concentration gradients to smooth out in mixtures and lowers melting points. Third, that increasing the isothermal hold temperature increases the apparent melting point can be explained by higher isothermal holds leading to fewer but larger crystals. The consequence of this is larger distances between neighboring regions of low OOO/high PPP (near a crystal) and high OOO/low PPP (away from a crystal). The long crystallization times also provide an opportunity for molecules to diffuse larger distances during crystallization (N.B. we are not concerned here with liquid trapped within a spherulite as these will equilibrate very quickly and are not the rate-determining step here). Fourth, conversely the nonisothermal crystallization experiments gave melting points much more in line with ideal predictions, and this is explained by the faster crystallization and much finer microstructure created as a result. Increasing the cooling rate gives smaller crystals still, resulting in values very close to the ideal. Fifth, the elevated melting points which are observed for end point determinations of melting (both by HSM and DSC) are more dependent on diffusion, as opposed to DSC peak melting which depends on when the majority of the PPP melts rather than the tail end of melting.
This insight allows an overview to now be made of all the melting data, including those in the literature. Figure 4 shows Hildebrand plots for melting points obtained by the different techniques, with points corresponding to the average value of a row in Tables 2 or 3 , along with data extracted from the literature, and the ideal prediction used in Tables 2 and 3 . The data from Rossell 18 and Wesdorp et al. 21 show very good straight lines, the slope of which mirrors that of the ideal prediction, although there is an offset which may be due to differences in sample purity and/or the technique, which the authors did not report. As mentioned previously, deviations from the ideal slope can clearly be seen in isothermal HSM and DSC end point determinations in this study, and also the DSC results from Norton et al. 11 which led these authors to conclude nonideal behavior. However, the deviations reported by Norton et al. were mainly found in very dilute samples. It is plausible that at such dilute concentrations of PPP, the crystals that do form are so far apart from each other that the PPP molecules are unable to diffuse the large distances required for the sample to equilibrate, even at the low scanning rates used. Norton et al. 11 explained the deviation from ideal behavior due to a demixing effect of the PPP and OOO. The explanation ventured here is that there was (of course) a demixing effect when the sample initially crystallized as pure PPP crystals form, but that not enough time was given for the sample to remix. With the diffusion argument able to explain the observed deviations from ideal behavior, it appears reasonable to conclude that the system is ideal.
Solid Fat Content by NMR. Solid fat content determinations were made by NMR for 20PPP and 40PPP samples to confirm ideal behavior for β melting in the PPP/OOO system, after tempering. Ideal SFC curves can be calculated as follows. For a given temperature (T), the Hildebrand eq (eq 1) predicts a corresponding equilibrium liquid mole fraction (x) of PPP. Assuming this value for the liquid phase (x L ) and a mole fraction of 1 for the solid phase (i.e., pure PPP), and knowing the overall composition of the system (x overall ), this allows the fraction of solid to be calculated via a mole balance.
The results for SFC are shown in Figure 5 . The experimental data follow the ideal SFC curves reasonably well. Indeed, if the 
Article elevated melting points seen in Figure 4 were due to nonidealities then these would be expected to give higher SFC values than the ideal. If anything, the 20PPP data are lower than predicted, but this may be due to incomplete crystallization after the conditioning sequence, and there was some fluctuation in SFC content throughout the melting process. The 100PPP samples melted between 68 and 70°C (not shown in Figure 5 ). Some SFC experiments, designed to more closely replicate the main body of HSM experiments, were also carried out, i.e., rapid cooling directly from the melt to an isothermal hold temperature, and remelting following crystallization. Cooling rates could not be controlled as accurately as with the HSM. However, it was noted that from the melt (80°C) it took 20PPP 6 min to reach 39°C (∼7°C/min), 40PPP 3 min to reach 45°C (∼12°C/min), and 100PPP 3 min to 51°C (∼10°C /min), using glycol as a reference. These SFC experiments also gave ideal melting and visually the samples also appeared to have melted at ideal temperatures, although it would be uncertain from this that samples had fully melted at a microscopic level.
β′ Melting Point Data. It was possible to obtain melting point data for the β′ form from HSM experiments, and the results are presented in Table 4 . Also shown are ideal values predicted from the Hildebrand equation using a melting enthalpy and temperature of 126.5 kJ/mol and 60.5°C, respectively. As with the Hildebrand calculations for the β form, the melting enthalpy used here follows that given by Wesdorp et al., 21 while the melting temperatures are from the HSM values recorded in the experiments presented here. As with the β melting, significant variations of observed melting point could be seen across different previous isothermal crystallization hold temperatures. This is again attributed to diffusion in the sample. Unlike the β samples, the observed melting points for samples with the lowest isothermal hold temperatures were quite similar (even below) predicted values. However, unlike the β determinations the β′ values did not represent melting into a completely liquid system as is many cases there were β crystals present while the β′ regions melted. These would have depleted the liquid phase of PPP, giving a less concentrated solution and this would have acted to depress melting points. Nevertheless there is no reason to believe that the system is nonideal given these data and the previous conclusion that the β melting could be considered ideal.
Nucleation Induction Times. The induction times corresponding to the time at which crystals were first detected by the image analysis algorithm are shown in Figure 6 . Two nucleation induction times may be defined for a crystallization: (i) when the first stable crystal nucleus forms, and (ii) when the first crystal has reached an optically detectable size. 37 The method used in this study can detect very small nuclei by a shade change in an individual pixel from one microscope image to the next and so induction times detected by the algorithm are potentially very accurate. However, the resolution of the technique is limited by the time interval between successive images and the fact that only a small volume of sample is viewed. Indeed, there is a very strong likelihood that crystals can nucleate first outside the field of view on the same slide. There was some variability in the results, but in general nucleation was more likely to occur sooner at lower isothermal hold temperatures and higher PPP concentrations. As can be seen from Table 1 , the β form was seen to nucleate first from the melt at the highest isothermal hold temperatures used for samples containing 40% PPP or above. The β form was also able to nucleate first from the melt across all isothermal hold temperatures shown in Table 1 in samples containing 40% PPP or below. The β′ form appeared unable to nucleate first in any of the 20PPP samples. Sato and Kuroda 9 found fast, intermediate, and slow kinetics for the nucleation induction times of α, β′, and β polymorphs of pure PPP, respectively, reflecting Ostwald's rule whereby nucleation favors the least stable polymorphs. 31 It is well established that the nucleation of polymorphs depends on the balance between kinetic and thermodynamic factors. The thermodynamic driving force depends on the subcooling (ΔT) below the melting point and will thus vary according to β > β′ > α. However, the kinetic barrier for nucleation (the free energy, ΔG) is also highest for β > β′ > α. This means that lower polymorphs generally nucleate first if they are able to reach even a small amount of subcooling. For samples 10PPP, 40PPP, and 60PPP there appeared to be a range of isothermal hold temperatures where both the β′ and β form were observed to nucleate directly from the melt first (Table 1) .
Crystal Growth Rates. An attempt was made to resolve growth rates of the β regions in mixed crystals (where β′ completely surrounded β) using the algorithm. However, this could not be reliably achieved. Therefore, β growth rates were calculated by manually locating "North", "South", "East", and "West" points on the outer edge of the β section of the crystals. This was done only while the inner region was still circular and not affected by the nucleation of other β zones as seen, for example, in Figure 1e . A typical plot is shown in Figure 7 for 80PPP at 51°C. It can be seen that the growth rate of the β′ region is approximately twice as fast as that for the β region. In this case, β nucleated first at around 400 s, with the β′ polymorph forming an outer ring soon after (at ∼520 s). The MATLAB analysis is sensitive to the outer edge of the crystals, and it can be seen that growth is initially slow when it corresponds to β but speeds up around the point where the β′ form appeared on the outer ring of the crystal. Further evidence of the difference in growth rates between β′ and β can be seen in the example in Figure 1b . Although the growth of β was faster when not restricted by β′, it still appears slightly slower than β′. However, insufficient crystals of this type were produced to give reliable values for comparisons between these growth rates. During the time period most samples were studied there was no appreciable reduction of growth rate with time. However, a few samples that were run for sufficient time showed that ultimately all β′ was "consumed" and β growth reduced to zero as the samples came to equilibrium.
The initial unimpinged growth rates, i.e., that of the outer edge of PPP crystals, are shown in Figure 8 . These rates refer purely to the growth of β′ except for 10PPP and 20PPP samples, which were a mixture of β′ and β (see Crystal Morphology and Polymorphism section). The crystal growth rates increased in an approximately linear fashion with decreasing temperature. Growth was generally slower for 10PPP and 20PPP, probably due not only to their differing crystallization pattern and morphology (i.e., a mixture of β′ and the slower growing β on the outer edge of growing crystals), but also possibly due to the lower concentration of PPP as compared with the other samples. Unimpinged growth rate data were very reproducible.
The growth rate data for the inner β section in mixed crystals collected at the top three isothermal hold temperatures for samples 40PPP, 60PPP, and 80PPP are shown in Figure 9 . For other samples, either the β growth rate in mixed crystals could not be easily discerned or there were insufficient suitable crystals produced. As previously indicated in Figure 7 , growth rates for the β form in this type of crystal fell significantly below those recorded for the β′ form. 
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The β growth rate values shown in Figure 9 show relatively little variation with composition or temperature compared to those found for β′. A possible explanation is that the majority of growth occurs from the narrow band of melt phase separating the two polymorphic regions. The concentration of PPP in this melt phase is limited by the solubility of the β′ form, so the concentration driving force will always lie within a relatively narrow band. This also provides another explanation for the lower growth rates observed for β in these crystals.
Growth Rate Analysis. One advantage of studying a relatively simple binary system is that a theoretical analysis of the crystal growth kinetics is possible. The driving force for crystal growth in fat systems is commonly expressed via means of a supercooling below the theoretical melting point, but here it is also possible to define a supersaturation driving force. 31 Figure 10a−c shows the growth rate of β′ versus supersaturation (x L − x β′ ), reduced supersaturation (supersaturation ratio or relative supersaturation, (x L − x β′ )/x β′ ), and supercooling (T mβ′ − T), respectively (see Figure 11) , where T is the actual sample temperature, x L is the mole fraction of PPP in the liquid phase which initially can be taken to be the same as the overall sample composition (and is assumed here), x β′ is the saturation liquid composition corresponding to β′ melting at temperature T, and T mβ ′ is the β′ melting temperature corresponding to liquid composition x L . The parameters x β′ and T mβ ′ are calculated via the Hildebrand equation, using the same enthalpy and PPP melting point parameters used in Table  4 (ΔH m = 126.5 kJ/mol, T m = 60.5°C).
The plot of growth rate against supersaturation shows a limited correlation, but when the growth rate data are plotted against either reduced supersaturation or supercooling, the higher concentrations of PPP (40% and above) collapse onto a single "master" curve with only a small degree of scatter, which appears to be a proportional relationship in both cases. A proportional relationship with reduced saturation is indicative of a continuous growth (rough interfacial growth) mechanism rather than screw dislocation or birth and spread mechanisms. 38, 39 The rough interfacial growth mechanism is commonly found at high supersaturations (as here) and indeed, a rough morphology is observed under the microscope for these samples. The 10% and 20% PPP samples grew slower than the other samples and do not fit the above pattern. As previously mentioned, 10PPP and 20PPP had differing crystallization morphologies, i.e., a mixture of β′ and the slower growing β on the outer edge of growing crystals. These samples were more dilute and thus long-range diffusion of PPP to the growing crystal surface could be an important limiting factor. However, the ability to correlate the higher concentration data using either reduced supersaturation or supercooling based on an ideal model is a useful simplification and also supports the earlier conclusion that the system can be considered ideal in terms of the β′ polymorph. Growth rate coefficients, where the growth rate is assumed proportional to reduced supersaturation or supercooling, have been fitted to the data in Figure 10b ,c, and these are presented in Table 5 .
It is also possible to correlate growth data for the β polymorph, but this is growing from the solution in the interstitial gap between the dissolving β′ region and the β region, rather than the bulk solution. The concentration of PPP in this gap is therefore not dependent on the bulk solution concentration, but rather is controlled by the release of PPP dissolving from the β′ crystal side that is governed by the solubility of the β′ form at the prevailing sample temperature (x β′ ). The equivalent driving forces for the growth of the β form are thus: supersaturation (x β − x β′ ), reduced supersaturation ((x β − x β′ )/ x β ), and supercooling (T mβ − T mβ′ ). Here x β is the saturation liquid composition corresponding to β melting at temperature T, and T mβ is the β melting temperature corresponding to liquid composition x β′ . The parameters x β and T mβ are calculated via the Hildebrand equation, using the same enthalpy and PPP melting point parameters used in Tables 2 and 3 . The driving forces for both β′ and β crystallization are illustrated schematically in Figure 11 . Figure  12 shows the equivalent driving force plots for the solvent/melt mediated transformation of β′ to β. As the β form is not growing from the bulk solution but rather from PPP that has Figure 11 for an explanation of the symbols. Growth rate refers to β′, except for 10PPP and 20PPP which were a mixture of β′ and β.
Crystal Growth & Design
Article dissolved from the β′ crystal, there is a smaller variation for driving force variables for β, as compared with β′. This reflects and explains the relatively small variation in the growth rates of the β form. It also provides support for PPP/OOO being an ideal system. Growth rate coefficients are also shown in Table 5 for the β polymorph (fits are to data in Figure 11b ,c). It can be seen that the growth rate coefficients for β are approximately one-quarter those of the β′ polymorph (if comparing reduced supersaturation data) or one-third (if based on supercooling). Thus, even if the lower driving forces for β crystallization are factored in, the β form will intrinsically grow at a slower rate than β′ (even if the driving forces are the same). This is not unexpected given the more precise crystal packing of the β form.
■ CONCLUSIONS
This is the first reported study of HSM experiments on the PPP/OOO system. The HSM technique has the advantage of allowing the morphology and growth of the crystals to be physically seen. This technique has visualized for the first time a solvent/melt mediated transformation from β′ to β, which in PPP/OOO blends was generally seen to originate from the center of the crystal and spread outward with a small liquid gap between the untransformed and transformed material. This melt-mediated or (solvent-mediated) transformation has often been discussed in the literature 7 but can be clearly seen occurring in these samples. A further advantage of this technique is that it allows changes occurring within a crystal to be visualized also. The amount and location of liquid within a crystal network thus appear to play a key role in polymorphic transformations in fat systems in general. While temperature is often seen as a key driver in governing polymorphic transformation, part of the temperature effect may actually be an indirect effect via the amount of liquid content.
HSM is also a good technique for determining sample melting points as a definitive end of melting point can be observed. However, a major disadvantage with this technique is that diffusional mass transfer resistances appear to significantly delay melting by maintaining concentration gradients in the liquid phase and thus nonequilibrium conditions for long time periods. The length of time required for melting depends on the diffusional distances in play, which in turn depends on the crystal sizes present. However, a very rough rule of thumb 
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Article could be that the time spent during which the sample melts should be at the very least as long as the period of time over which the sample crystallized. When crystallization times are very short, as in constant cooling rate experiments, and a fine microstructure is formed whereby pockets of OOO and PPP are very close to one another, diffusion distances are very short and the melting behavior is close to that predicted by the ideal Hildebrand model. This hypothesis is further supported by the fact that lower isothermal crystallization temperatures and faster cooling rates (for nonisothermal crystallizations) lower the observed melting points for blends (much more so than for pure PPP), and that diffusion distances vs times calculated using literature data for diffusivity are of the right order of magnitude for diffusion to be a limiting factor. Analysis of crystal growth rates showed that both reduced supersaturation and supercooling can be used to correlate the growth rates of the β′ and β forms. For β′ compositions above 40% PPP collapsed well onto a "master curve", while the dilute 10% and 20% PPP systems did not fit this curve. Growth rates of the β form were well correlated with driving forces that took into account that the concentration of PPP in the liquid from which the crystal was growing was limited by the solubility of the β′ polymorph at the sample temperature. Both reduced supersaturation and supercooling driving forces could be quantified this way, and indeed, a similar principle could be used to correlate the driving forces for polymorphic transformations in general.
